Abstract 23
Microbial activity is a potentially important yet poorly understood control on the fate and 24 environmental impact of CO2 that leaks into aquifers from deep storage reservoirs. In this study we 25 examine how variation in CO2 abundance affected competition between Fe(III) and SO4 2--reducers 26 in anoxic bioreactors inoculated with a mixed-microbial community from a freshwater aquifer. We 27 performed two sets of experiments: one with low CO2 partial pressure (~0.02 atm) in the 28 headspace of the reactors and one with high CO2 partial pressure (~1 atm). A fluid residence time of 29 35 days was maintained in the reactors by replacing one-fifth of the aqueous volume with fresh 30 medium every seven days. The aqueous medium was composed of groundwater amended with 31 small amounts of acetate (250 µM), phosphate (1 µM), and ammonium (50 µM) to stimulate 32 microbial activity. Synthetic goethite (1 mmol) and SO4 2-(500 µM influent concentration) were also 33 available in each reactor to serve as electron acceptors. Results of this study show that higher CO2 34 abundance increased the ability of Fe(III) reducers to compete with SO4 2-reducers, leading to 35 significant shifts in CO2 trapping and water quality. Mass-balance calculations and pyrosequencing 36 results demonstrate that SO4 2-reducers were dominant in reactors with low CO2 content. They 37 consumed 85% of the acetate after acetate consumption reached steady state while Fe(III) reducers 38 consumed only 15% on average. In contrast, Fe(III) reducers were dominant during that same 39 interval in reactors with high CO2 content, consuming at least 90% of the acetate while SO4 2-40 reducers consumed a negligible amount (<1%). The higher rate of Fe(III) reduction in the high-CO2 41 bioreactors enhanced CO2 solubility trapping relative to the low-CO2 bioreactors by increasing 42 alkalinity generation (6X). Hence, the shift in microbial activity we observed was a positive 43 feedback on CO2 trapping. More rapid Fe(III) reduction degraded water quality, however, by 44 leading to high Fe(II) concentration. 45 46
INTRODUCTION 50
Carbon capture and geological storage is one option in the range of actions that can be used 51 to help stabilize atmospheric CO2 levels despite anticipated increases in CO2 production (IPCC, 52
2005). The process involves capturing CO2 before it is released to the atmosphere and injecting it 53 into a deep subsurface reservoir (Benson and Cole, 2008) . CO2 would be injected at depths >800 m 54
where it would exist as a buoyant supercritical phase (IPCC, 2005) . A low-permeability caprock 55 overlying a storage reservoir is necessary to limit upward migration of supercritical CO2. Over time, 56 CO2 would also be trapped by dissolution into water, formation of minerals, and capillary trapping 57
(Benson and Cole, 2008). 58
Although this mitigation strategy is promising, leakage of CO2 from storage reservoirs is a 59 major environmental concern because the CO2 can cause reactions that negatively impact water 60 quality in overlying freshwater aquifers. The CO2 could also eventually reach the atmosphere, 61 undermining attempts to limit greenhouse gas accumulation. Potential leakage pathways include 62 faults and fractures, abandoned wells, and diffusive leakage through caprocks (Celia and 63 Nordbotten, 2009; IPCC, 2005) . CO2 can negatively affect water quality by lowering pH, causing 64 minerals to dissolve, increasing solute levels, and mobilizing both organic and inorganic 65 Whereas several studies have examined how CO2 leakage would react chemically with 68 water and minerals in the subsurface, relatively little research has examined how CO2 leakage 69 would affect subsurface microbial processes (Harvey et al., 2013 
Groundwater medium 134
Groundwater from the Mahomet aquifer was used to make aqueous medium for the 135 experiment, helping to limit the extent to which culturing effects would have limited growth of cells. 136
The water was collected one year prior to the experiment from well CHM95D. The well produces 137 water with similar bulk composition to that from CHM95A, which is located about 27 km away 138 (Burch, 2008) . Previous workers have found little nitrate (< 1 µM) in groundwater from the well 139 (Burch, 2008; Flynn et al., 2012) . During storage at 4°C prior to the experiment, however, a small 140 concentration of nitrate had accumulated in the water presumably from ammonium oxidation. The 141 water initially contained about 57 µM ammonium. We removed the nitrate before the experiment 142 using a sorbent material (Nitra-Zorb TM , API). 143
Following nitrate removal, the groundwater was amended with sodium acetate (250 µM), 144 monopotassium phosphate (1 µM), and ammonium chloride (50 µM) to stimulate microbial activity. 145
We also added sodium SO4 2-(500 µM) to potentially support growth of SO4 2-reducers present in the 146 inoculum. Addition of SO4 2-was necessary because, unlike well CHM95A, groundwater from 147 CHM95D contained little SO4 2-(<10 µM). Acetate, the electron donor used by microbes in the 148 experiment, was not added to groundwater used in abiological (control) experiments to help 149 ensure that they remained sterile throughout the study. The amount added to the medium used for 150 biologically-active reactors is higher than that typically observed in natural aquifers. Acetate 151 concentrations in coastal plain aquifers, for example, range up to about 30 µM (McMahon and 152
Chapelle, 1991). However, once acetate consumption reached steady state during the experiments, 153
the maximum concentration of acetate in the reactors at any given time was 50 µM, a value similar 154 to that observed in coastal plain aquifers. 155 After amendments were added, 100 mL of the medium was dispensed into 160 mL serum 156 bottles (Wheaton) and purged for 1 h to remove oxygen. The purge gas consisted either entirely of 157 CO2 (medium for high-CO2 reactors; ~1 atm PCO2) or nitrogen containing 2% CO2 (medium for low-158 CO2 reactors; ~0.02 atm PCO2). After purging, the bottles were stoppered and sealed as described 159 above, autoclaved for 20 minutes at 121°C, and stored at room temperature (~22°C) until they 160 were used to replenish fluids removed from the reactors during the experiment, as described 161 below. The final composition of the groundwater medium is provided in the Electronic Annex 162 (Table EA1) . 163 164
Bioreactors 165
Each set of bioreactor experiments was performed in duplicate: (1) biologically-active and 166 control (abiological) reactors containing high-CO2 medium and (2) biologically-active and control 167 reactors containing low-CO2 medium. The reactors consisted of 160 mL serum bottles containing 168 100 mL of groundwater medium and 1 mmol of goethite (α-FeOOH) , which provided a source of 169 Fe(III) for Fe(III) reducers. Preparation and identification of the goethite was described previously 170 (Kirk et al., 2010) . Aquifer sediment was not included because the experiments were intended to 171 isolate the interaction between microbes and CO2. 172
Each reactor was plugged with a butyl rubber stopper penetrated by a 4 inch stainless-steel 173 needle (Popper), which was used for fluid exchanges during the experiment. The needle was 174 capped with a gas-tight syringe valve (VICI Precision Sampling) to prevent gas leakage. After the 175 reactors were fully assembled, we sterilized them by autoclaving for 20 minutes at 121°C and then 176 purged them through the 4 inch needle with filter-sterilized CO2 or 2% CO2 in nitrogen. Hence, the 177 initial fluid in the reactors had a composition equivalent to the high-CO2 medium or the low-CO2 178 medium. During purging, each septum was also penetrated with a second needle that extended into 179 the reactor headspace and allowed purge gas to escape. 180
After the reactor solutions were purged and cooled to room temperature, they were 181 inoculated with 1 mL of solution from the CHM95A microbe sample. The sample was vortexed for 182 30 seconds prior to withdrawing inoculum to dislodge cells from sediment surfaces. The inoculum 183 injected into the control reactors had been sterilized prior to injection by autoclaving 3 times with 184
at least 48 h between sterilizations. 185
Following incubation for 1 week and every seventh day thereafter, one-fifth (20 mL) of the 186 aqueous volume of each reactor was removed through the fixed needle without disturbing reactor 187 solids. Effluent was withdrawn with a 20 mL syringe (BD), which was sealed with a syringe valve 188 (Cole-Parmer) and used for short-term storage until the water could be analyzed. Lastly, the 189 volume withdrawn was immediately replaced with 20 mL of fresh medium using a syringe and the (Table EA2 ). Chemical analysis of effluent samples was performed each week. Fe(II) concentration 196 was measured in effluent samples using the ferrozine method (Stookey, 1970) 
Microbial community analysis 215
We collected samples for microbial community analysis at the end of the experiment by 216
shaking the reactors to thoroughly mix them and then immediately withdrawing fluid. By this 217 approach, the samples contained both water and solids. Total community DNA was extracted from 218 the samples using an Ultraclean® Microbial DNA Isolation Kit (MO BIO). We performed the 219 extraction using the "Alternative Lysis Method" described by the manufacturer to limit DNA 220
shearing. 221
16S rRNA genes in the extract were amplified and sequenced at a commercial laboratory 222 (MR DNA TM ). PCR amplification was performed using universal bacterial primers 27F 223 (AGRGTTTGATCMTGGCTCAG) and 519R (GTNTTACNGCGGCKGCTG) with HotStarTaq Plus Master 224
Mix (Qiagen, Valencia, CA). The reactions were held 94°C for 3 minutes, followed by 28 cycles of 225 94°C for 30 seconds, 53°C for 40 seconds, and 72°C for 1 minute. Following the last cycle, a final 226 elongation step at 72°C for 5 minutes was performed. After PCR, amplicon pyrosequencing 227 (bTEFAP) as described by Dowd et al. (2008) was used to sequence 16S rRNA genes. Amplicon 228 products from different samples were mixed in equal proportion and purified using AMPure® 229 beads (Agencourt Bioscience Corporation). Samples were sequenced using a Roche 454 FLX 230 titanium instrument and reagents according to manufacturer guidelines. 231
We processed the sequence data using QIIME (Caporaso et 
Mass-balance and thermodynamic calculations 241
Rates of acetate oxidation and Fe(III) and SO4 2-reduction were evaluated using mass-242 balance calculations as described previously (Bethke et al., 2011; Kirk et al., 2010) . A detailed 243 description of those calculations is available in the Electronic Annex. Chemical activities and 244 mineral saturation indexes were calculated using The Geochemists Workbench® software, version 245 8.0.10, and the LLNL (Lawrence Livermore National Laboratory) thermodynamic database (Delany 246 and Lundeen, 1990). The software calculated activities using an extended form of the Debye-Hückel 247 equation, the B-dot equation (Helgeson, 1969) , which is appropriate for solutions with low ionic 248 strength such as the groundwater medium (I <0.02 molal). 249
To examine whether thermodynamic controls could have affected the rate of Fe(III) and 250 which is positive for products and negative for reactants. ΔG°T values were calculated using The 267
Geochemists Workbench® software and the LLNL dataset. 268
Where acetate content was below detection (<19 µM), we report ΔGA values consistent with 269 that detection limit and describe them as maximum possible values. The reaction for each group 270 was written in terms of the consumption of one acetate. As such, the relative values of ΔGA we 271 calculated retain some absolute meaning (Bethke et al., 2011) . In a single reactor where ≤50 kJ mol -272 1 of energy is available for one group and only ≤20 kJ mol -1 for another, for example, the first group 273 would actually see 30 kJ mol -1 more energy than the second because inserting an actual acetate 274 concentration in the calculation would change ΔGA values for each group by an equivalent amount. 275
For comparisons made between reactors, the possibility that acetate levels differ by up to 19 µM 276 adds uncertainty, but the uncertainty is small because, written in terms of one acetate, the ΔGA of 277 the reactions does not vary strongly with acetate content. All else being equal, for example, if 
Aqueous chemistry 283
The chemical composition of effluent differed considerably between the high-and low-CO2 284 reactors, reflecting differences in CO2 abundance as well as microbial reaction rates. Consistent 285 with CO2 partial pressures, the pH of effluent from the high-and low-CO2 control reactors averaged 286 5.72 and 7.21, respectively, throughout the experiment (Fig. 1) . The pH of effluent from the 287 biologically-active low-CO2 reactors did not vary significantly from the pH of corresponding control 288 reactors (P = 0.13; Student's t-test). The pH of effluent from the biologically-active high-CO2 289 reactors, however, did diverge significantly from control pH (P <0.0001). Initially near control 290 levels, the pH of effluent from both high-CO2 reactors increased and ultimately stabilized at an 291 average of 5.92 over the final 50 days of the experiment. 292
This shift in pH occurred simultaneously with changes in effluent acetate, alkalinity, Fe(II), 293
and SO4 2-concentration in the biologically-active reactors (Fig. 1) Mass-balance calculations based on aqueous chemistry demonstrate that the extent to 308 which Fe(III) and SO4 2-reduction occurred differed considerably between each set of reactors (Fig.  309 2). During the final 50 days of the experiment, Fe(III) reduction consumed an average of 90% of the 310 acetate entering the high-CO2 reactors each week while SO4 2-reduction consumed a negligible 311 amount (<1%). In contrast, over that same interval in the low-CO2 experiment, Fe(III) reduction 312 consumed an average of only 15% of the acetate supply each week while SO4 2-reducers consumed 313 85%. The sum of acetate consumption by Fe(III) and SO4 2-reduction does not total 100% for the 314 high-CO2 reactors possibly because the values are averages over time and between duplicate 315 reactors. Adsorption of Fe(II) to surfaces within the reactors may have also contributed to this 316 discrepancy by causing the rate of Fe(III) reduction to be underestimated (see description of mass-317 balance calculations in Electronic Annex). Nonetheless, the results of the calculation provide strong 318 evidence that higher CO2 abundance increased the ability of Fe(III) reducers to compete with SO4 2-319 reducers in the reactors. 320 321
Microbial community composition 322
Results from analysis of 16S rRNA genes obtained from each reactor are consistent with the 323 mass-balance calculations (Fig. 3) . Lineages that contain organisms capable of using Fe(III) as their 324 electron acceptor were present in the samples from both sets of reactors. In high-CO2 reactor 325 samples, an average of 25% and 24% of the sequences grouped within Geobacteraceae and 326
Myxococcaceae, respectively, which contain groups capable of dissimilatory Fe(III) reduction such 327
as Geobacter (Lonergan et al., 1996) and Anaeromyxobacter (Treude et al., 2003) , respectively. In 328 samples from the low-CO2 reactors, few sequences grouped within Myxococcaceae (<1%) but 329 sequences grouping within Geobacteraceae accounted for 22% of the sequences on average. Hence, 330 sequences from groups containing organisms capable of Fe(III) reduction were abundant in all four 331 biologically-active reactors but more than twice as abundant in the high-CO2 reactor samples as the 332 low-CO2 reactor samples on average. 333
Also consistent with the mass-balance calculations, SO4 2-reducing groups were much more 334 abundant in the low-CO2 reactors than the high-CO2 reactors (Fig. 3) . Sequences grouping in 335 families with organisms that commonly use SO4 2-as their electron acceptor [Desulfobulbaceae, 336
Desulfovibrionaceae, Desulfuromonadaceae, Desulfobacteraceae, Syntrophaceae, and 337 Syntrophobacteraceae (Garrity et al., 2005)] accounted for an average of 20% of the sequences in 338 low-CO2 reactor samples but were nearly absent in high-CO2 reactor samples (<1%). 339
The microbial community we observed in the low-CO2 reactors is similar to that observed in 340 the aquifer used as a source of inoculum and groundwater. As noted above, Fe(III) and SO4 2-341 reducers coexist in the aquifer where SO4 2-is sufficiently available, a relationship also observed in 342 many other anoxic environments (Postma and Jakobsen, 1996) . Like the low-CO2 reactors, 343 furthermore, δ-Proteobacteria are common in the aquifer (Flynn et al., 2013; Flynn et al., 2012) . 344
In contrast, the abundance of sequences from the high-CO2 reactors that grouped in 345
Myxococcaceae is unlike the Mahomet aquifer. This difference may reflect a preference of Fe(III)-346 reducing Anaeromyxobacter species for growth at acidic pH, as indicated by previous research 347 
Controls on reaction rates 351
The results of our thermodynamic calculations demonstrate that variation in ΔGA may have 352 contributed to differences in reaction rates between each set of reactors. Values of ΔGA we 353 calculated differed considerably between the high-and low-CO2 reactors for Fe(III) reduction but 354 varied little between each set of reactors for SO4 2-reduction (Fig. 4) . ΔGA for Fe(III) reduction was a 355 maximum of 114 kJ mol -1 on average over the final 50 days in the high-CO2 reactors compared to 356 only a maximum of 60 kJ mol -1 in the low-CO2 reactors. During that same interval, ΔGA for SO4 2-357 reduction was a maximum of 65 kJ mol -1 and 62 kJ mol -1 on average in the high-and low-CO2 358 reactors, respectively. 359
The lack of variation in ΔGA for SO4 2-reduction indicates that thermodynamic controls did 360 not directly cause variation in SO4 2-reduction rates between each set of reactors. Variation in ΔGA 361
for Fe(III) reduction, however, is consistent with thermodynamic controls as a cause of variation. A 362 series of studies by Jin and Bethke (2002 ) has shown that energy available 363 for a microbial reaction can be a dominant control on the rate at which that reaction can occur. 364
Those authors found that, where ΔGA is high relative to the amount of energy conserved by a cells 365 metabolism, thermodynamic controls do not directly limit reaction rates. Where ΔGA approaches 366 the amount conserved, however, rates grow increasingly limited by thermodynamic controls. 367
Fe(III) reduction may have occurred more rapidly in the high-CO2 reactors than the low-CO2 368 reactors, therefore, because ΔGA was higher in the high-CO2 reactors. Although ΔGA for SO4 2-369 reducers varied little, furthermore, an increase in the ability of Fe(III) reducers to compete for 370 acetate as a result of their increase in ΔGA may explain the low level of SO4 2-reduction in the high-371
CO2 reactors. 372
Variation in ΔGA for each group is consistent with the relationship between free energy and 373 pH noted in the Introduction. The energy yield of microbial Fe(III) reduction increases sharply as 374 pH decreases because the reaction consumes a large number of protons (equation 1). As such, the 375 reaction was much more favorable at the lower pH of the high-CO2 reactors than the near-neutral 376 pH of the low-CO2 reactors. In contrast, the energy yield of SO4 2-reduction varies little with pH 377 because the reaction consumes few protons (equation 2). ΔGA for SO4 2-reduction varied little 378 between each set of reactors. CO2 may have influenced reaction rates in the bioreactors not by 379 causing variation in the concentration of dissolved inorganic carbon species, therefore, but by 380 affecting pH. 381
The observed variation in the balance between Fe(III) and SO4 2-reduction with pH is 382 consistent with the findings of Postma and Jakobsen (1996) . Based on a thermodynamic analysis 383 and geochemical evidence from multiple field sites, they concluded that Fe(III) reduction and SO4 2-384 reduction may proceed simultaneously over a wide range of conditions but that Fe(III) reduction is 385 favored at acidic pH. In general, however, many factors besides thermodynamics can affect the rate 386 of a microbial reaction, including the abundance of cells and the kinetics of electron donation and 387 acceptance (Jin and Bethke, 2007) . In addition to affecting ΔGA, a lower pH caused by CO2 could have 388 also affected reaction rates by influencing cell physiology. Cells have a pH range within which 389 growth is possible and usually an optimum pH, at which growth rates are maximized (Madigan et 390 al., 2003) . Hence, CO2-driven shifts in pH away from the pH optima may have contributed to 391 differences in reaction rates. Moreover, the toxic effects imposed by CO2 itself, as discussed in the 392 Introduction, may have also contributed to variation in reaction rates if the Fe(III) reducers in the 393 experiment were less sensitive to CO2 toxicity than the SO4 2-reducers. Additional research is 394 warranted to fully examine the influence of CO2 on thermodynamic and kinetic controls on 395 microbial reaction rates as well as the extent to which different groups of microorganism are 396 sensitive to its toxic effects. 397 
(5) 415
Comparing (5) to the equation listed above for sulfate reduction (2), we see that Fe(III) reduction 416 can generate up to 8 times more carbonate alkalinity than SO4 2-reduction per mole of acetate 417 oxidized. Although microbial activity increased carbonate alkalinity in both sets of reactors, 418 therefore, solubility trapping was enhanced to a greater extent in the high-CO2 reactors because 419 they hosted more rapid Fe(III) reduction. 420
The increase in alkalinity that occurred in the high-CO2 reactors was 6 times greater than 421 that in the low-CO2 reactors, a value similar to that predicted by the stoichiometry above. 
Impact on water quality 449
In contrast to the benefit of enhanced CO2 trapping, the elevated rate of Fe(III) reduction in 450 the high-CO2 reactors negatively impacted water quality. The secondary water standard 451 recommended by the U.S. EPA for Fe in drinking water is 5 µM. This level was easily exceeded in 452 both sets of reactors (Fig. 1) . The extent to which Fe(II) accumulated in solution was far greater, 453 however, in the high-CO2 reactors. 454
Coupled with this impact, AVS measurements and mass-balance calculations show that an 455 increased rate of Fe(III) reduction also led to lower abundances of goethite and solid-phase sulfide. 456
Reflecting the balance between Fe(III) and SO4 2-reduction, the abundance of goethite and AVS was 457 considerably lower in the high-CO2 reactors than the low-CO2 reactors at the end of the experiment. 458
Our mass-balance calculations indicate that goethite content averaged 0.9 mmol in the biologically-459 active low-CO2 reactors compared to only 0.5 mmol in the biologically-active high-CO2 reactors at 460 the end of the experiment. Similarly, AVS content averaged 35.7 µmol in the biologically-active low-461
CO2 reactors compared to only 1.4 µmol in the biologically-active high-CO2 reactors (Fig. 6) . The 462 AVS that formed likely consisted of mackinawite (~FeS), the precursor to pyrite in Fe-bearing, SO4 2-463 reducing environments (Berner, 1970) . 464
These differences in mineralogy have the potential to affect water quality because both 465 solid-phases provide important sinks for many hazardous solutes in aqueous environments. 466
Arsenic, for example, can strongly sorb to iron oxides and oxyhydroxides or be sequestered by 467 sulfide minerals (Smedley and Kinniburgh, 2002) . The CO2-induced shifts in microbiology that we 468 observed, therefore, favor enhance mobility of hazardous solutes such as arsenic. 469 470
Implications for geological carbon storage 471
Our findings imply that CO2 leakage into Fe-bearing anoxic aquifers can stimulate microbial 472
Fe(III) reduction. Where this occurs, CO2 trapping would be enhanced but water quality could 473 decrease. Because of these relationships, numerical simulations aiming to predict the long-term 474 behavior of CO2 leakage may underestimate the rate of CO2 trapping and the negative impact on 475 water quality if they do not account for microbial activity. Furthermore, these findings also imply 476 that CO2 leakage into an anoxic aquifer is less likely to reach the surface if Fe(III) and an active 477 microbial community are present. 478
Whether the results of this study also have implications for deep CO2 reservoirs is unclear. 479
The redox state of deep subsurface environments is often similar to that in our experiments, with 480 Fe(III), SO4 2-, and inorganic carbon existing as the primary electron acceptors available (Bethke et 481 al., 2011; Lovley and Chapelle, 1995). Hence, a similar microbial feedback is possible. However, the 482 conditions would differ considerably from this experiment in terms of temperature, total pressure, 483 and salinity. The amount of CO2 the microbial community could be exposed to could also range to 484 much higher levels. Additional research is needed, therefore, to evaluate whether this feedback can 485 exist under conditions consistent with the deep subsurface. 486 487
CONCLUSIONS 488
Our results demonstrate that the ability of Fe(III) reducers to compete with SO4 2-reducers 489 was enhanced in reactors with high CO2 content. Whereas SO4 2-reducers accounted for most of the 490 acetate consumption in the low-CO2 reactors, Fe(III) reducers were dominant in the high-CO2 491 reactors. Free energy calculations show that this shift may reflect variation in thermodynamic 492 controls on microbial Fe(III) reduction. Physiological effects and CO2 toxicity may have also 493 contributed to differences in microbial activity. 494
This shift in microbial activity impacted both carbon storage and water quality in the 495 reactors. As a result of more rapid Fe(III) reduction, solubility trapping was enhanced and 496 conditions were more favorable for siderite precipitation. Hence, the shift toward Fe(III) reduction 497 that we observed at higher CO2 abundance represents a microbial feedback mechanism on CO2 498 trapping. However, the increased rate of Fe(III) reduction diminished water quality by greatly 499 increasing Fe(II) concentration and led to lower abundances of goethite and solid-phase sulfide, 500 solids that commonly serve as important sinks for hazardous solutes. Because the interactions 501 between CO2 and microorganisms that we observed are possible in natural environments, 502 accounting for microbial activity may improve the ability of numerical simulations to predict the 503 fate and environmental impact of CO2 in the subsurface. 
707
provided for extractions performed in triplicate (one high-CO2 and one low-CO2 reactor).
